Abstract: Estimation of physical and mechanical properties of cohesive soil stabilized by hydratized lime addition. Process of chemical stabilization of cohesive soils infl uences its mechanical properties, also in the case of soil cohesion. Road constructions consist of few layers which have various mechanical properties and this creates the need for better understanding the impact of chemical stabilization on soil as a layer of road. For the purposes of this article, tests were carried out in order to establish physical and mechanical properties, especially the penetrating resistance CBR test. The main aim of this paper was to estimate the cohesion of the soil, which was sandy-silty clay stabilized with hydrated lime.
INTRODUCTION
Problematic soils used as a base of pavement are usually improved, by changing their properties due to physical and chemical stabilization. This technique has been used for many years and has proofed to be generally effective when it comes to stabilizing pavement layers. Different soil types have been treated with lime and cement additions and these stabilization agents were assumed as most effective (Little 1995) .
The laboratory and fi eld fi ndings give reasonable data to put stabilization as one of major techniques of improving soil mechanical parameters.
One of the most common methods of testing soil, widely applied by engineers, is a CBR test. This simple method gives data, which is then used to design of pavements. Although this method is based on empirical dependences, it is still useful for design process. Interesting fact of substantial rise of CBR value from 1% for non-stabilized soil to 30-50% for stabilized soils creates many doubts about proportional to CBR test increase of other mechanical properties even after considering the rich experience in stabilization process (Kleyn 1955, Little and Nair 2009 ).
There are two basic chemical reactions which take place in case of stabilization. First, there are short-term reactions, including cation exchange and fl occulation. Lime in this case is a strong alkaline base, which is case of a base exchange. Calcium ions remove sodium, potassium and hydrogen cations and also change electrical charge density around the clay particles. This reaction causes increase in the interparticle attraction and is the reason behind the processes fl occulation and aggregation with a subsequent drop of the plasticity of the soils (Ismaiel 2006 , Al-Mukhtar et al. 2010 .
Secondly, there are long-term reactions, including pozzolanic reaction, where calcium reacts with soluble alumina and silica in presence of water. This reaction produces stable calcium silicate hydrates, calcium aluminate hydrates and calcium alumino-silicate hydrates. This compounds generate long-term strength and improve geotechnical properties (Ismaiel 2006 , Al-Mukhtar et al. 2010 ).
This two types of reaction are strictly bounded with amount of clay fraction, moisture and value of lime addition. That variables are coming only from material properties and composition of mixture. Important factor caused by above properties is time dependent stabilization process. Measurement of mechanical behavior by basing on CBR bearing capacity factor seems inadequately and unconfi ned compressive strength test is able to give more valuable data describing strength properties which can be easily apply in design of pavements.
LITERATURE REVIEW
Chemical additives as lime or cement tested are designed to combine with the soil to change the texture, rise strength and reduce swell characteristics. When the stabilization medium containing free calcium hydroxide are mixed with the soil, the calcium is the cause that the clay particles fl occulate into a sand-like structure and thereat reduces the plasticity of the soil (Milburn and Parsons 2004) .
Reduction in plasticity, which is called modifi cation, drops down the shrink/swell characteristics of the soil. Soil stabilization base on the effects from modifi cation with an additional strength gain.
Soil stabilization contains all the effects of modifi cation with an additional long-term strength rise as was mentioned above. Soil conditions and mineralogical properties have a greater role for soil stabilization than modifi cation (Little 1995) . The magnitude of soil stabilization is usually measured by the increase in strength as determined from unconfi ned compression testing.
Stabilization with calcium hydroxide agent increases the pH, resulting the silica and alumina in the clay particles to become solvable and interact with the calcium in a pozzolanic reaction. A pozzolanic reaction between silica and alumina in the clay particles and calcium can form a cemented conformation that grow the strength of the stabilized soil. Residual calcium must remain in the structure to bound with the available silica or alumina and keep the pH at high level to provide the pozzolanic reaction (Ferguson 1993) .
The CBR value is also related to the Plastic Index (PI). For non-stabilized a relating system, which refers CBR value to PI (Kleyn 1955) , was created. With the decrease of PI value and the rise of grading modulus, the CBR factor was increased.
For better understanding of increase of strength parameters in the CBR test which is bearing capacity test, another test is being sought after. In case of chemically active stabilized soils, whereas pH value plays important role concerning mobile calcium in fl occulated aggregates, unconfi ned compressive strength test can bring suitable data to correlate the effect of static loading from CBR plunger with static loading of plate on specimen surface.
One of constants which can be obtained from unconfi ned compressive strength test (UCS) is cohesion. Unfortunately, due to its principles, the UCS test, where σ 3 = 0, give only approximate value of cohesion -c, which in this case is equal to compressive strength -τ f . This fact does not allow us to obtain the right value of cohesion.
In order to fi nd cohesion of material, use of estimated equation is needed. During the last research, non-linear failure criterion for stabilized materials presented by equation (1), is attained by means of triaxial shear tests (Sharma et al. 2011 , Azadegan et al. 2013 :
where τ is the shear strength, q u , P a and σ are differential axial pressure, atmospheric pressure and confi ning pressure (in kPa) respectively. Parameter n carries from 0.5 to 1.0.
In the case of unconfi ned compressive test, the amount of σ equals zero. From this statement we can assume that value of shear strength -τ is equal to the amount of real cohesion of tested material, this relation presented by equation (2):
(2) The value of q u was obtained from UCS and later used to obtain value of cohesion, which was used for data analysis from CBR test.
MATERIAL AND METHODS
Soil used to conduct the tests was collected from a 60-cm-deep earthwork construction site. Stabilization medium used for stabilization was hydratized lime Ca(OH) 2 . Hydratized lime was obtained as common industrial package from ordinary building material store.
Preformed CBR and UCS tests specimens was prepared with account in existed Polish codes procedures. Compaction in CBR mould was performed to obtain 0.59 J/cm 3 compaction energy with including optimal moisture content.
Estimation of liquid limit was also performed. Tests were conducted in Casagrande apparatus, with the use of soil paste. On the basis of six tests performed with varying moisture content, plot of liquid limit was made (Fig. 3) . number of blows [-] liquid limit =19.0% Results of the Proctor test present the impact of lime content on optimum moisture content and also on maximum dry density of mixture as in previous paper (Sas et al. 2013 ). For sandy-silty clay with 5% added lime, optimum moisture content was 9.96%, while maximum dry density reached 2.15 g/cm 3 . For specimens with 8% lime content and optimal moisture content at 12.07%, maximum dry density was equal 2.18 g/cm 3 . Last test conducted on the soil with 10% lime content gave the following results: optimal moisture content was equal 12.10% and maximum dry density was equal 2.13 g/cm 3 . Figure 6 presents a 3D visualization of these three variables. By analyzing the graph surface, it is possible to estimate an equation containing variables denoting water and lime content. Equation (1) makes it possible to establish the optimal water and lime content for tested sandy--silty clay, by establishing maximum dry Figure 7 .
FIGURE 3. Liquid limit estimation test results
Correlation of the equation (1) which was mentioned above is: 
where opt w w is optimum moisture content for the mixture, constant expressed as a percentage value, opt g w is optimum moisture content before the addition of lime and D stands for lime content as a percentage value. Differences between results from testing of materials and calculation based on the Polish standards came from particle size distribution. Impact of silt fraction could be the reason behind the decrease of optimal moisture content, while according to the results of equation (5) optimal moisture should increase.
Compressive strength of specimens was also tested during various stages of stabilization, after 7 and 28 days, with Specimens were prepared in Proctors mould in optimal moisture content and compressive strength tests were performed on stress-strain registration controller. Obtained data during the tests was used to analysis of same relationship from CBR test. Figure 8 presents compressive strength coeffi cient after stabilization with change of optimum moisture content with 5% lime added. Plot of this data clearly shows that compressive strength coeffi cient depends on the stabilization time. An important impact of moisture content can also be noted. Compressive strength coeffi cient rises, until moisture content is around 9.69%. Then, coefficient is constant until moisture content reaches 13.8%. That indicates the importance of careful application of water during the stabilization of soils.
Equation (6) presents formula for calculating the compressive strength of sandy-silty clay (z) with varying time after stabilization (y) and water content (x), expressed as a percentage value. FIGURE 8. 3D plot of specimen compressive strength in soil with varying time of stabilization and water content for specimen with 5% lime added Equation (6) was applied to fi nd maximal compressive strength in various stage of stabilization in optimal moisture content. Results are presented on Figure 9 .
Optimum moisture content for maximal compressive strength ranges from 9.4 to 9.9%. Compressive strength coeffi cient for these conditions reaches 0.543 MPa after 5 days from stabilization, to 0.720 MPa after 100 days from stabilization, which is the highest predicted coeffi cient for lime stabilized sandy-silty clay with low liquid limit and high silt content. On basis of Figure 9 it can clearly be seen that 91% of compressive strength is mobilized during the fi rst 28 days. Figure 10 presents results of cohesion calculation, based on equation presented by Sharma (2). Cohesion coeffi cient changes with moisture content. Impact of time of stabilization is in this case less important.
Equation (7) presents formula for calculating the cohesion of sandy-silty clay (z) with varying time after stabilization (y) and water content (x), expressed in as a percentage value. 
Where, letters from a to k are constants : a = 193.1540148; b = 255.725066; c = 112.7577755; d = -16.4023046 ; e = 0.022050962; f = -0.9105299; g = 0.213597437; h = 0.000231214. For this equation the R 2 value is 0.999. Equation (7) was applied to fi nd maximal cohesion in various stage of stabilization in optimal moisture content. Results are presented on Figure 11 .
Optimum moisture content for maximal cohesion ranges for maximal compressive strength from 9.4 to 9.9%. Cohesion for these conditions reaches from 55.9 kPa after 5 days after the stabilization to 70.2 kPa after 100 days from stabilization, which is the highest predicted FIGURE 11. 3D plot of specimen cohesion in varying time of stabilization and water content, for specimen sandy-silty clay with 5% lime added coeffi cient for lime stabilized sandy-silty clay with low liquid limit and high silt content. For the purpose of wider application of relationship between value of the cohesion and results from unconfi ned compressive strength test, CBR tests were conducted. Figure 12 presents results of CBR test for 5% lime stabilized sandy-silty clay in comparison with the UCS test results.
CBR tests were conducted until loaded specimens reached their bearing capacity which the result of slightly decreased force due to raised displacement. During the CBR tests, the CBR value was established as being 31.8% for 2.54 mm penetration and 30.6% for 5.08 mm penetration. By analyzing stress and displacement range some assumption of maximal stress and displacement range were estimated. Stress rate was 6.5 times higher during the CBR test than during the UCS test. Penetration for this test was 2.2 times higher. Results of this relation are presented by Figure 13 .
In order to confi rm this observation, CBR and UCS tests were performed for 8% lime stabilized sandy-silty clay after 7 days. Results of these studies are presented by Figures 14 and 15 , which refer to Figure 12 and 13 respectively. Figure 15 presents assumption of stress and displacement in the same ranges as for specimen stabilized with 5% added lime. Previous research points to the relationship between bearing capacity and compressive strength for natural soils (Coduto et al. 2010 This relation served for back analysis and in order to designate cohesion on the basis of CBR test results. The cohesion in case of the UCS tests for sandysilty clay stabilized with addition of 5% lime after 7 days from stabilization was 56.57 kPa. Back analysis of this soil from CBR test estimated the cohesion value as being equal to 55.62 kPa. For stabilized sandy-silty clay with 8% lime results were 59.90 and 60.37 kPa respectively.
CONCLUSIONS
On the basis of the research conducted in this paper and analysis of the mechanical properties of sandy-silty clay stabilized with lime, the following conclusions were made:
Optimum moisture content obtained during the Proctor test for low liquid limit sandy-silty clay is different than 1.
that obtained using than the Polish standard. For low cohesive soils stabilized with lime, new method of calculating the cohesion from UCS and CBR tests by equations (2), (8) and (9) for optimum water addition was proposed. Equation (8) confi rms strong relationship between compressive strength and bearing capacity (in CBR test) and new formula to calculate this phenomena has been proposed. Equations (3) and (4) can be used as an easy tool to obtain optimum water content and with known lime addition in varying time after stabilization to fi nd mechanical properties of stabilized soil with low liquid limit and high percentage of silt. The fi rst 28 days after stabilization are most important for the mechanical properties of soils stabilized with lime.
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